If [dilatation of the heart] goes on sufficiently long the dilatation must pass the optimum length of muscle fiber and the muscle then has to contract at such a mechanical disadvantage that the heart fails altogether. With the failure of the 'prime mover' all the other mechanisms of the body stop work and the animal is dead-E. H. STARLING.1
T HE NORMAL cardiovascular system is provided with a number of compensatory mechanisms that can be called upon to augment the contractile force of the myocardium in response to an increase in the demands of the circulation. Of these inotropic mechanisms, the enhanced contractile force that normally accompanies increased end-diastolic fiber length probably plays a key role in beatto-beat adjustments of the heart to varying diastolic volume. The existence of a direct relationship between end-diastolic fiber length and contractile force, first demonstrated experimentally by Frank2 3 and Starling,1' 4,5 ensures that an increased venous return will improve the ability of the ventricle to empty itself of the extra blood reaching it during diastole. Similarly, elevation of aortic or pulmonary arterial pressure, by temporarily reducing stroke volume, increasing residual volume at the end of systole and thereby From increasing end-diastolic volume, will lead to enhancement of myocardial contractile force. Abundant evidence has been provided that, within the normal range of end-diastolic volumes, an increaesd hemodynamic load will lead to an increased end-diastolic volume with enhanced ability of the heart to do external work when other inotropic mechanisms do not dominate this relationship. Studies of the behavior of the heart under conditions where the hemodynamic variables can be experimentally controlled have demonstrated that increases in loading at high end-diastolic volumes can lead to a decline in the ability of the heart to do work. 1-4 8 This decline of cardiac performance, which appears to be analogous to the reduced tension developed by highly stretched skeletal muscle, is often designated the descending limb of the Starling curve. The possibility has been raised that the hearts of some patients with congestive failure may operate chronically upon this descending limb, so that increasing venous return or arterial pressure in such patients would lead to a reduction in the ability of the heart to do work, and, conversely, factors tending to reduce end-diastolic volume would improve cardiac performance.9 20 How-871 1965 NO. 6 ever, examination of the laws governing the behavior of the heart in an intact animal indicates that operation of the heart on the descending limb of the Starling curve constitutes an unstable situation from which can develop a vicious cycle that could terminate rather quickly the life of the animal.
In contrast to the heart that is functioning normally on the ascending limb of the Starling curve, the heart operating at a given point on the descending limb in an intact animal will be unable to achieve a new equilibrium when the circulatory dynamics are varied. In response to a reduction of either venous return or resistance to ejection, the end-diastolic volume of such a heart would decrease, thereby enhancing myocardial contractile force and reducing further both the residual volume at the end of systole and the end-diastolic volume. Equilibrium in such a case will not be reestablished until after the peak of the Starling curve is reached, when further reduction in diastolic volume ceases to improve the ability of the ventricle to empty. On the other hand, increasing the venous return or ejection pressure when the heart is functioning on the descending limb of the Starling curve would augment the end-diastolic volume, reduce the force of contraction, and thereby impair the ability of the heart to empty its contents. In this way a vicious cycle would be established in which the progressive increase in enddiastolic volume and decrease in stroke volume ultimately would lead to lethal cardiac dilatation. Starling recognized this fact when he stated "Heart failure occurs . . . when the dilatation . . . proceeds to such an extent that the tension of the muscle fibres becomes increasingly inadequate in producing rise of intracardiac pressure. The mechanical disadvantage, at which in the dilated spherical heart the skein of muscle fibres must act, finally smashes up the system and the circulation comes to an end."5
The consequences of the law of Laplace, which, in one of its forms, states that the wall tension needed to achieve a given intracavitary pressure within the heart increases with increased chamber size,21-23 would add further to the mechanical disadvantage of the dilated ventricle operating on the descending limb of the Starling curve. Although the total external mechanical work of the myocardium does not change as ventricular volume increases at constant ejection pressure and stroke volume, dilatation will change the nature of the work performed by the myocardial fibers from the energetically less costly isotonic type of contraction (volume load) to the externally less efficient isometric type of shortening (pressure load) .24, 25
These considerations, therefore, deny the hypothesis that the heart of the intact animal can function for any extended period of time under conditions similar to the unstable equilibrium state seen on the descending limb of the Starling curve. The possibility exists, however, that additional inotropic mechanisms or changes in the peripheral circulation may be utilized to prevent irreversible dilatation should the heart enter briefly on this portion of the Starling curve. A rapid decline in cardiac function can be prevented when the heart moves suddenly onto this portion of the Starling curve only by prompt enhancement of contractile force not dependent on an increase in fiber length, or by a rapid decrease of venous pressure or resistance to ejection. In contrast to this situation in the intact animal, the heart can maintain its function on the descending limb of the Starling curve in experimental preparations in which external stabilization of filling pressure and other hemodynamic variables prevents establishment of the vicious cycle of progressive dilatation and impaired ability to eject blood.
The functional significance of certain differences between the physiologic properties of cardiac and skeletal muscle may be understood in terms of the physical consequences of the heart's geometry. Unlike skeletal muscle, where the leverage through which the muscle operates is determined by the positions of rigid bony structures, the leverage of the heart is set by the muscle itself, as reflected primarily by the volume of the ventricles. The advantage of mechanisms that tend to prevent ventricular dilatation is apparent in view of the Circulation, Volume XXXII, December 1965 potential hazard of the shift to the descending limb of the Starling curve and the detrimental consequences of the operation of the law of Laplace in the dilated heart. It has been established that the rigid fibrous pericardium is one means that serves to prevent dilatation and failure of the heart when large hemodynamic loads are imposed.26 This resistance to stretch is shared by the heart itself as can be seen when the resting length-tension characteristics of cardiac muscle are compared with those of skeletal muscle. The resting compliance of the papillary muscle of the heart has been shown to be much less than that of skeletal muscle in the range of fiber length over which the muscles normally function,27 and at increasing muscle lengths the compliance of the papillary muscle decreases much more rapidly than that of skeletal muscle. Although the specific structures responsible for the low compliance of the heart have not been identified with certainty, studies of cardiac actin,28 30 myosin, 31-34 and tropomyosin35 provide no indication of dissimilarities in t-he conformation of the myofibrillar proteins that might account for the stiffness of the heart wall. It is most likely that this difference in resting compliance is due to differences in the connective tissue surrounding the myofilaments in the two types of striated muscle. The length-tension diagram of the isolated muscle sheath of the frog gastrocnemius is almost the same as that of the resting intact muscle,36 indicating that most of the resting tension is due to the connective-tissue sheath. In the case of resting heart muscle, it thus appears that the low compliance may reflect the higher content of col-lagen27' 37 and possibly the elastic tissue of the endocardium as well. 38 Functionally, the stiffness of the ventricular wall, like that of the pericardium, serves to prevent the deleterious effects of extreme dilatation that could follow a sudden increase in the hemodynamic load upon the heart.
The recent finding that the sarcomere lengths at which the heart normally functions are less than those found in skeletal muscle27' 39 also appears to reflect the detrimental effects to be expected when the heart operates on the Cst'culation, Volume XXXII, December 1965 descending limb of the Starling curve. The evidence now available strongly favors the view that the descending limb of the lengthtension curve of a single sarcomere of skeletal muscle is reached at sarcomere lengths at which the thin filaments of the myofibril are pulled out from the center of the A-band and an H-zone appears between the central ends of the thin filaments.40 At these long sarcomere lengths, some sites on the thick (myosin) filaments become unable to interact with the thin (actin) filaments. With further stretch, the H-zone widens and less interaction becomes possible, so that the active tension decreases further. Although the ultrastructure of the myofilaments of cardiac muscle is generally similar to that of skeletal myofilaments, it has been observed that H-zones do not appear in cardiac muscle when the myocardium is fixed at physiologic lengths,27' 41 and the appearance of H-zones can be demonstrated only when intraventricular pressures are raised to extremely high levels.39 Thus, it appears likely that the myocardium does not normally function at long sarcomere lengths where increased stretch would lead to decreased tension; that is to say, the myofibrils of the heart do not normally function on the descending limb of the length-tension curve of the individual sarcomeres.
It can be concluded from the foregoing that the geometry of the heart imposes certain functional requirements upon the physiology of its muscular walls. The most important of these is that contractile force must increase with increasing ventricular volume;42 failure to meet this requirement (operation of the heart on the descending limb of the Starling curve) sets the stage for the establishment of a vicious cycle that, in the absence of lengthindependent increases in contractile force or rapid adjustments of the peripheral circulation, will lead to progressive cardiac dilatation and death of the organism. This worsening cycle could take place with great rapidity under the conditions existing in the circulation of the intact animal and may be responsible for some of the cases of "cardiac arrest'7 in which the electrocardiogram very shortly after the arrest shows sinus rhythm or an idioventricular rhythm without detectable mechanical response.43'44 The likelihood of such an untoward occurrence is reduced by the presence of the rigid fibrous pericardium, the high resting tension of cardiac muscle, and the short sacromere lengths at which the myofibrils of the myocardium normally function. ARNOLD M. KATZ, M.D.
Addendum
In a recent paper, Bishop, Stone, and Guyton (Am. J. Physiol. 207: 677, 1964) demonstrated that during infusion of blood or Tyrode's solution into intact conscious dogs cardiac output reached a plateau value from which it did not fall, even at atrial pressures of 24 mm. Hg. In these experiments a descending limb of the Starling curve was observed when left ventricular minute work was plotted against left atrial pressure. However, the descending limb was due neither to a decline of cardiac output nor of blood pressure, but instead was noted by the authors to stem from subtraction of atrial pressure from arterial pressure in calculating work at the highest atrial pressures.
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